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Forward rapidity elliptic flow (vy) of both unidentified charged hadrons and
decay muons has been measured from /syx = 200 GeV Au+Au collisions as a func-
tion of pseudorapidity (), transverse momentum, and number of nucleon collision
participants. The measurements were performed at Brookhaven National Labora-
tory’s Relativistic Heavy Ion Collider using the PHENIX experiment’s Muon Arm
spectrometers, located at 1.2 < |n| < 2.4. To identify hadrons, which consist mostly
of pions, kaons, and protons, a longitudinal momentum cut was applied to tracks
stopping in the shallow steel layers of the Muon Arms. Those particles traversing
completely through the Muon Arms consist of mostly muons from pion and kaon
decays. The standard event plane (EP) method was used to measure vy, whose
accuracy was improved ~20-25% by combining the measured EP angles of several
detectors, instead of using the measured EP from a single detector. Additionally,
a hit swapping technique was devised to optimize track cuts, estimate background,

and apply a background correction. To investigate the ability of the Muon Arms to



accurately measure unidentified hadron vy, a GEANT simulation was also under-
taken.

The forward rapidity vy results show good agreement with mid-rapidity mea-
surements for central collisions (< 20-30% centrality), indicating a longitudinally
extended thermalized medium with similar eccentricity, at least out to the Muon
Arm 7 region. Only when compared to very forward BRAHMS measurements (7 ~
3) is a vy suppression seen for central collisions. For increasingly peripheral col-
lisions, a growing suppression in vy is observed for the Muon Arm measurements
compared to mid-rapidity, indicating increased changes in the medium properties of
ever smaller systems. For peripheral collisions of the same/similar centralities, an

increased suppression is observed toward forward 7).
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Prologue

Like atomic matter, nuclear matter has different phases that scientists strive to
characterize. One of these phases, called the quark gluon plasma (QGP), is created
in the laboratory using racetrack size particle accelerators that collide heavy-ions
at nearly the speed of light. One such collider is Brookhaven National Laboratory’s
Relativistic Heavy Ion Collider (RHIC), which collides gold (Au) nuclei at a center of
mass energy per nucleon pair (y/syy) of 200 GeV. Under the extreme temperature
conditions provided by RHIC, the Au nuclei’s protons and neutrons “melt” into
their more fundamental components, quarks and gluons, essentially unshackling
them from their nucleon cages. Once liberated, the quarks and gluons are able to
move freely throughout the created medium; thus, forming a QGP, if only for a
short time.

Scientists search for insights into the properties of the QGP by studying the
particles emitted from the collision, in what can be described as the ultimate feat of
reverse engineering. Originally, it was thought the QGP would behave much like the
weakly interacting plasmas of atomic matter [1]. To their surprise, the QGP exhib-
ited the properties of a strongly interacting liquid undergoing rapid thermalization
that could be described well by hydrodynamic models.

One of the key measurements leading to this conclusion was the strong az-
imuthal anisotropy of emitted particles about the beam axis, referred to as elliptic
flow. This asymmetric distribution is a consequence of the elliptic shape of the col-

liding nuclei’s overlapping nucleons. If the created medium is strongly interacting,
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rapid binary collisions occur between the particles, leading to early thermalization.
In turn, this will lead to asymmetric pressure gradients due to the elliptic shape of
the medium, with a steeper gradient being in the direction of the shorter axis. This
results in more particles moving in the direction of the short axis than the long axis,
leading to the measured asymmetry. On the other hand, if the medium was weakly
interacting, the pressure gradients wouldn’t develop and the medium would expand
isotropically.

Elliptic flow, whose strength is quantified by the variable v,, has been measured
by all four RHIC experiments: BRAHMS, PHENIX, PHOBOS, and STAR. Most of
these measurements have been done at near perpendicular angles to the beam axis at
the collision point, referred to as mid-rapidity. Mid-rapidity is more quantitatively
described as |n| < 1, where pseudorapidity () is a unitless relativistic quantity
describing the polar angle of the emitted particle with respect to the beam axis (see
Appendix A). vy has been less studied at forward 7, where additional insights into
the created medium await to be discovered.

The analysis performed in this dissertation measured v, of unidentified charged
particles at forward 7 using PHENIX’s Muon Arm spectrometers, located at 1.2
< |n| < 2.4. The Muon Arms allow for a unique measurement at RHIC because they
are the only detectors capable of measuring a particle’s transverse momentum (pr)
throughout the entirety of this region. The STAR experiment has detector coverage
within |n| < 1 and 2.5 < |n| < 4.0, with a gap in-between that is almost completely
covered by the Muon Arms. The PHOBOS experiment has detector coverage of |n| <

5, but only pr capability within 0 < < 1.5. The BRAHMS experiment utilizes



a very narrow movable detector, but has not measured flow within the Muon Arm
region. These circumstances provide PHENIX the opportunity to perform a unique
measurement.

This Muon Arm vy measurement can provide additional insights into how the
medium’s properties evolve toward forward angles. Are there changes to its longitu-
dinal expansion, such as shape or thermalization? Does thermalization breakdown
at forward angles or is it similar to mid-rapidity? How much does the system size or
energy density play a role? According to PHOBOS and STAR wy(n) measurements,
shown in Fig 1, vy decreases toward forward 7, indicating changes to the medium.
However, these measurements do not take into account changes in (pr), which vy
is heavily dependent on. Therefore, it is not clear whether the change in v, is due
to a changing medium, a changing (pr), or a combination of the two. With the
ability to measure a particle’s py, the Muon Arms provide the capability to address
these and other questions by disentangling the (pr) effects. It will also give theorists
complementary constraints to their models from those constraints provided by mid-
rapidity, allowing them to develop a more complete 3-dimensional understanding of

the created medium.
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Figure 1: STAR and PHOBOS v,(n) from /syn = 200 GeV Au+Au collisions [2,
3]. Two STAR results from 10-40% centrality collisions and 0.15 GeV/c < pr <
2.0 GeV/c are shown using independent methods: Lee-Yang Zero (LYZ) method
(circles), and Event Plane (EP) method (triangles). PHOBOS results from 0-40%
centrality collisions using an Event Plane Hit-based (Hit) method requiring no pr
information are displayed using crosses. Only statistical errors are shown. The
coverage of the Muon Arms is indicated by the green bands. For a discussion about
collision centralities or the Event Plane Method used in this analysis see Sec. 4.2.2
and 5.1, respectively.
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Chapter 1
Introduction

1.1 The Standard Model

As we wake up in the morning we immediately encounter the effects of two
of natures fundamental forces, gravity and electromagnetism. Gravity is the force
that keeps us grounded to our bedroom floor and electromagnetism is the force
that prevents us from falling through it. At the macroscopic level these forces are
mediated through smooth and continuous fields known as the gravitational and
electromagnetic fields. However, at the quantum scale, forces are mediated by fields
of quantized force carriers called quanta, where, in the case of the electromagnetic
force, the quanta is the photon (7).

This intuitively bizarre theory is called the quantum field theory and it is one
of the key elements to what is known as the Standard Model (SM). The SM is simply
a theory, supported by experimental evidence (see Sec. 1.1.2), that describes how
matter interacts at the most fundamental quantum scale. Some of the key aspects

of the SM are as follows.

1.1.1 Fundamental Particles

At the heart of the SM are the three types of fundamental particles: quarks

and gauge bosons, collectively referred to as partons, and leptons. Gauge bosons,



Table 1.1: Gauge Bosons [4, 5]

Gauge Boson Interaction Mass (GeV) Strength  Range Acts on
gluon strong 0 1 107% m hadrons

vy electromagnetic 0 1072 1/1? electric charges

W, 70 weak 80.4, 91.2 1079 10-® m  hadrons/leptons
graviton gravity 0 1073 1/r? masses

previously referred to as quanta, are the force carrying particles that mediate the
strong, weak and electromagnetic forces. The gauge bosons for these forces are the
gluon, W* and Z°, and photon, respectively. Natures fourth known fundamental
force, gravity, which is not incorporated into the SM, is theorized to be mediated by
the graviton, but that has not yet been experimentally confirmed. Table 1.1 lists the
gauge bosons, including the theorized graviton, along with some of their properties.

The second set of fundamental particles are leptons, listed in Table 1.2 along
with their antiparticles. Of the six known leptons, the most well-known is the
electron (e), which orbits the nucleus of atoms. The vy, (Lightest), vy (Middle),
vy (Heaviest), and their antiparticles are categorized as (anti)neutrinos, and can
each be flavored as an e, p, or 7 (anti)neutrino. For example, an electron flavored
neutrino would be v,. Leptons are divided into three generations, where, for the non-
neutrino leptons, the lower the generation number the smaller the mass and the more
stable the particle. This is evident by their half-lives. This generation mass trend
is generally observed for the neutrinos, but the current uncertainty in their mass
determination causes their ranges to overlap. Additionally, all leptons are able to
undergo weak interactions, such as in the Feynman Diagram in Fig 1.1(a). However,

only those that carry a charge are able to interact through the electromagnetic force



Table 1.2: Leptons [4-6]

Lepton Antiparticle Charge Mass (MeV) Half-life (s) Generation
e et +1 0.511 00 1
148 UL, — (0 — 013> X 10_6 o0 1
" ut +1 105.7 2.2 x 1076 2
T Tt +1 177 291 x 10715 3
v T — (0.04 —0.14) x 10~° 0 3
(a) (b)

Figure 1.1: Feynman Diagrams of lepton interactions. (a) The weak decay of a -
into an e, 7., and v,, with the W~ gauge boson mediating the reaction. (b) An
electromagnetic interaction with two electrons exchanging a photon and scattering.
Adapted from [5].

via the photon, such as in Fig 1.1(b). Regardless of the mediating force, all reactions
involving leptons must conserve charge, lepton generation, and total lepton number,
where leptons and their antiparticles have a lepton number of 41 and -1, respectively.

The third and final set of fundamental particles are quarks, listed in Table 1.3.
There are six different types or flavors of quarks (¢) along with their antiquarks (7).
Like leptons, all quarks' can undergo a weak interaction and are divided into three
generations with the same trends in mass and stability as the leptons. Additionally,

since all quarks carry a charge, they can also all undergo an electromagnetic inter-

'Depending on its contextual use, the term “quark” can simultaneously refer to both quarks
and antiquarks, such as in this case.



Table 1.3: Quarks [4, 5]

Quark Symbol Charge Antiparticle Anticharge Mass (MeV) Generation

up u +2/3 T -2/3 1.7-3.3 1
down d -1/3 d +1/3 4.1-5.8 1
strange S -1/3 5 +1/3 101 2
charm c +2/3 c -2/3 1270 2
bottom b -1/3 b +1/3 4190 3
top t +2/3 t -2/3 172000 3

action with other charged particles, including fellow quarks and charged leptons.
However, unlike leptons, quarks carry an additional property called color, allowing
them to interact via the strong force, but more on that in Sec 1.1.2.

The main difference between a charged particle and its corresponding antipar-
ticle is their opposite charge, with essentially all other properties being identical.
This results in a special relationship because, to obey conservation laws such as
charge or momentum, a particle cannot be created from the vacuum (empty space)
without its antiparticle. Particle-antiparticle pairs can also undergo a unique reac-
tion called an annihilation, where the two particles annihilate each other with the
release of energy, such as in

e” +et — 2. (1.1)

This phenomenon is possible due to mass being just another form of energy, as
stated in Einstein’s famous equation £ = mc?, where E represents energy, m mass,
and c the speed of light. Neutral particles, like the photon and Z°, are their own
antiparticles and consequently given the name Majorana particles. It is not known
if neutrinos are Majorana particles, but determining this by searching for the hy-

pothesized neutrinoless double 5 decay reaction is an active field of study [7].
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Table 1.4: Baryons and Mesons [4]

Particle Quarks Charge Spin Mass (MeV) Half-life (s)

p uud +1 1/2 938 > 6.6 x 103°
n udd 0 1/2 940 885.7

nt ud +1 0 140 2.60 x 1078
T ad -1 0 140 2.60 x 1078
K+ us +1 0 494 1.24 x 1078
K- s -1 0 494 1.24 x 10°8

In addition to quarks, leptons, and gauge bosons, particles, including non-
fundamental particles, can be classified into other groups as well. For instance,
(anti)quarks can coalesce into groups of three (gqq, Gqq) to produce (anti)baryons
and a quark-antiquark pair (¢q) is called a meson. The most familiar baryons are
the proton (p), composed of the uwud quarks, and the neutron (n), composed of the
udd quarks. The mesons are plentifully produced in particle colliders, but are not
stable and quickly decay. Together, baryons and mesons make up what are called
hadrons, which are simply particles made of quarks that, therefore, interact via the
strong interaction. Table 1.4 lists some well-known hadrons. Notice in the table that
despite being composed of fractionally charged quarks, all hadrons have an integer
charge.

Two other categories of particles called fermions and bosons distinguish par-
ticles based on their integral spin. Fermions have 1/2 integral spin and bosons have
integral spin. Since quarks have a spin of 1/2, baryons (qqq, qqq) are fermions, while
mesons (¢q) are bosons. Leptons have +1/2 spin and are therefore fermions, while
gauge bosons have integral spin and are bosons. Figure 1.2 shows a summary of the

particle classification hierarchy.
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Figure 1.2: Particle classification hierarchy. Adapted from [5].

1.1.2  Quantum Chromodynamics

Incorporated into the SM is the theory of Quantum Chromodynamics (QCD),
which is the theory of the strong force, or “color force” as it is sometimes referred
to, and describes the interactions of quarks and gluons. This theory borrows con-
cepts from a more mature theory, Quantum Electrodynamics (QED), which is the
theory of the electromagnetic force at the quantum scale and describes how photons
interact with charged particles or how charged particles interact with each other by
exchanging photons. Chemists are quite familiar with QED through such phenom-
ena as the photoelectric effect, lasers, and spectroscopy, including its plethora of
instrumentation.

Similarly to the electric charge in QED, QCD describes the color charge in-
herent in both quarks and gluons, which manifests itself as the strong force. Quarks

can have any one of three colors (red, blue, green), while antiquarks can have any one



Figure 1.3: Feynman Diagram of a gluon interaction changing the color of two
quarks in a proton. Here a blue-antired gluon is transferred from a ug quark to a
dr quark, effectively swapping their color charge. Adapted from [5].

of three anticolors (antired, antiblue, antigreen). However, this property doesn’t
have actual color, as its used in the vernacular, but is just simply the name given to
the property. All hadrons are colorless or color neutral, meaning that (anti)baryons
contain one quark of each (anti)color and mesons contain one quark of color and
one antiquark with the corresponding anticolor, for instance red and antired. On
the other hand, gluons simultaneously poses color and anticolor and their exchange
can change the color of quarks, as shown in Fig. 1.3.

Through exchanging gluons, quarks are held together into hadrons such as the
proton and neutron, which are the two nucleons that make up the atomic nucleus,
with the exception of hydrogen and its proton only nucleus. As is given by its
relative strength in Table 1.1, the strong force is significantly stronger than the
other fundamental forces. In fact, it is so strong that its residual force is what binds
nucleons together in the nucleus. However, its short range, also listed in the table,
means that its effects are not felt outside the nucleus.

One of QCD’s most peculiar properties is called asymptotic freedom. This



strange concept states that the strong force actually decreases in strength the shorter
the distance between quarks, and grows in strength the larger the distance. This
behavior is converse to gravity and electromagnetism and can therefore be difficult
to grasp, but one can think of it as analogous to stretching a rubber-band. This
peculiar behavior leads to a phenomena called confinement, meaning that quarks are
confined to hadrons and cannot freely escape. As illustrated in Fig. 1.4, if energy
is added to a ¢q pair, the distance between the quarks will grow and the gluons
holding them together will begin to “stretch”, increasing the potential energy of
the bond. If this process continues, eventually the potential energy between the ¢g
pair will grow so great that the gluons will essentially “snap” with the simultaneous
creation of a new ¢q pair in-between the original pair. The original quarks then form
new quark pairs from the newly produced quarks; thus, relieving the system’s stress.
Hence, nature has literally deemed the creation of a new ¢g pair more favorable than
separating the original ¢g pair any further. This also explains why no individual
quark has ever been experimentally observed. This creation of new particles from
the vacuum is possible due to Einstein’s equation £ = mc? and is the main driver
of particle production in particle accelerator collisions. Asymptotic freedom and
confinement may seem like fiction, but there is substantial experimental evidence to
support the quark and QCD model.

One of the strongest pieces of evidence for quarks comes from deep inelastic
scattering experiments [8-10], where inelastic refers to kinetic energy being lost or
transferred between the reaction participants. In these experiments a high energy

electron with a wavelength much shorter than the radius of a proton is collided with



Figure 1.4: Illustration of quark confinement that leads to quarks being confined
to hadrons, in this case mesons. See text for details. Adapted from [6].

a proton in order to probe its internal structure. What these scattering experiments
have shown is that the proton contains three point like particles, i.e. quarks, just
as the SM predicted there would be. Other strong evidence arises from the excited
states of the proton [11]. Analogous to an atom, which can become excited when
an orbital electron absorbs a photon, the proton can also absorb a photon. This
leaves the proton in an excited state, indicating that it, like the atom, is not a
fundamental particle. Further supporting the quark theory is the discovery of the
magnetic moment of the neutron [12, 13], which is hard to explain without the
neutron having an internal structure of charged particles.

Along with supporting the quark theory, reactions such as [14]

e +p—e +p+a° (1.2)

where a neutral meson is produced while the collision reactants are preserved, also

supports the theory of QCD. This is because the reaction is difficult to explain
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Figure 1.5: Tlustration of confinement through the experimentally measured inelas-
tic reaction e +p — ¢ +p+ 7. See text for a step-by-step explanation. Adapted
from [15].

if protons are fundamental particles, but is easily explained using quark and QCD
theory, as illustrated in the Fig. 1.5 example. In (a) the incident electron inelastically
scatters off one of the proton’s u quarks, transferring some of its kinetic energy and
“knocking” the u quark out of the proton. In (b), because of quark confinement,
the ejected quark cannot freely escape the proton. Instead, the gluons in the proton
stretch from the newly added energy until they snap, leading to the production of a
uu pair from the vacuum. In (c), the newly created u forms a 7° with the ejected u
and the newly created u replaces the ejected u in order to reform the proton. This
is a simple example of confinement at work.

Another piece of evidence for QCD comes from the fact that quarks are
fermions and must therefore obey the Pauli exclusion principle. Thus, multiple
quarks cannot occupy the same hadron with the same quantum numbers. However,
before the introduction of the concept of color charge, the A™* baryon with its uuu
quark constituents did just that. Introducing the color charge solved this problem
by making the quarks distinguishable based on their color charge. For mesons this

problem does not arise since they are composed of a quark and antiquark, which are
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distinguishable without color charge.

1.2 Heavy Ion Collisions

Analogous to macroscopic atomic matter, nuclear matter can also exist in
different phases. For atomic matter, these phases are often represented in a phase
diagram with the variables of temperature and pressure. For nuclear matter, the
variables are often temperature and baryon density, which is simply the density
of baryonic matter, e.g. protons and neutrons. Examples of these phase diagrams
are shown in Fig. 1.6. In this phase quarks and gluons are confined to hadrons, as
illustrated in Fig 1.7(a). The properties of this phase are described well by the liquid
drop model and said to be a nuclear liquid phase. With increasing temperature, a
phase change occurs to a nuclear gas, which is followed by a transition to a quark
gluon plasma (QGP) phase that is characterized by the free movement of quarks
and gluons beyond hadron boundaries. In this manner, the QGP phase is achieved
due to an increase in parton density from particle production (see Sec. 1.2.1). If
the density becomes great enough, hadronic boundaries will begin to blur allowing
quarks and gluons to overcome hadron confinement. Once deconfined, the partons
are able to move freely throughout the medium, as shown in Fig. 1.7(b). In this
process it is important to point out that although the net baryon density decreases,
the overall parton density of the medium increases.

Of particular note in the nuclear phase diagram is the critical point, whose

conjectured position is displayed in Fig. 1.6(b). The critical point is the point where
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Figure 1.6: A typical phase diagram for (a) macroscopic atomic matter and (b)
nuclear matter. Adapted from [16].

Figure 1.7:  (a) The normal hadronic phase of nuclear matter where quarks and
gluons are confined to hadrons. (b) Nuclear matter under extreme conditions of
temperature, where quarks and gluons undergo a phase transition to a deconfined
state of matter called a quark gluon plasma. In this phase quarks and gluons are
no longer confined to hadrons, but are able to move freely throughout the medium.
Adapted from [15, 17, 18].
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the properties of the hadron gas and QGP phases are so alike they are indistinguish-
able. To its right in the figure there is a sharp phase transition illustrated by the
thin red line. To its left there is a smooth crossover between the two phases where
both can coexist. This is signified by the broader red band.

Until recently a QGP was not achievable in the laboratory so it was in the
realm of the theorists. However, with the commissioning and running of several
new particle accelerators [19-22], this new phase of matter can now be researched
through the collisions of heavy nuclei. The next section will characterize these

heavy-ion collisions and the evolution of the medium they create.

1.2.1 Event Evolution

In principle, two approaches can be taken to access the QGP region of the
nuclear phase diagram. The first approach is to increase the baryon density by
compressing the nuclear matter. However, these conditions cannot be created in
today’s laboratories, but can only be done with the large gravitational force of
neutron stars. The second approach involves increasing the temperature of the
nuclear matter to ~170 MeV? & 2 x 10'? Kelvin (K) [23], where a phase transition
to a QGP is theorized to occur. This is equivalent to an energy density of ~1
GeV/fm? or about an order of magnitude higher than cold nuclear matter (0.14
GeV/fm? [24]). As indicated in Fig. 1.6(b), this can be achieved in the laboratory

with particle accelerators that collide heavy nuclei at nearly the speed of light.

20ne eV is the amount of kinetic energy gained by an electron after being accelerated through
a potential difference of 1 volt.
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For instance, the Relativistic Heavy Ton Collider (RHIC) [19, 20] accelerates bare
gold (Au) nuclei (79 protons, 118 neutrons, and 0 electrons) to an energy of 100
GeV /nucleon, equivalent to 99.996% the speed of light. At that energy, the ~14
fm diameter spherical nuclei when at rest would be longitudinally flattened due to
Lorentz Contraction® into an oblate spheroid or thin “disk” having a thickness of
0.13 fm when viewed from the laboratory’s frame of reference. Once this energy is
achieved, the nuclei are then collided with a beam of oncoming Au nuclei of the same
energy, for a total center of mass energy per nucleon pair (y/syy) of 200 GeV. From
hereafter, any reference to a beam energy will be assumed to be in the context of
v/snn unless otherwise indicated. When they collide, the nuclei overlap one another
for 0.13 fm/c or 4.38 x 107?°s and have a temporary mean energy density of 2920
GeV/fm3. Although far above the predicted 1 GeV/fm? necessary for creating a
QGP, this energy density is fleeting and quickly wanes as the nuclei finish passing
through and interacting with one another.

From this interaction, the nuclei become excited and begin to fracture and dis-
sipate, while at the same time radiating particles in their wake. More particles are
then created through the particle production mechanism of confinement described
in Sec. 1.1.2. If the overlap between the nuclei is large during their crossing, then
thousands of particles will be created. These particles generally have a momentum
of < 3 GeV/c and are said to come from soft physics, while higher momentum
particles, called jets, come from hard physics. Jets result from the elastic or hard

scattering of quarks or gluons from the original nuclei and are characterized by a

3For a brief discussion of Lorentz Contraction see Appendix B.
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large momentum transfer away from the beam direction. To conserve momentum
these high momentum particles are often created in pairs called di-jets that tra-
verse the newly created medium undergoing gluon radiation, which is similar to
the Bremsstrahlung? radiation electrons can experience in QED. As the jets exit
the medium they fragment due to confinement, producing a cone shaped cluster of
particles. Another particle production mechanism is gluon fusion where two gluons
can fuse to create heavy particles such as the J/¢ (c€), but such reactions, along
with jets, are rare at RHIC energies. Along with newly produced particles, some of
the original particles from the colliding nuclei can become entangled in and interact
with the newly created medium as well.

From these and other particle production mechanisms, the particle density
of the medium begins to significantly rise, causing the hadronic boundaries of the
particles to become blurred and quark confinement to become weakened. If the
particle density becomes high enough, deconfinement will occur resulting in a QGP.
This phase was illustrated in Fig. 1.7(b), where the quarks and gluons were shown
to no longer be bound to hadrons, but able to move freely throughout the system.
Deconfinement is possible due to the phenomenon called Debye screening, where the
color charge of hadronic partners becomes screened from one another due to the close
proximity of other quarks, antiquarks, or gluons [25]. This behavior is analogous
to the Debye screening of the electric charge in QED and is expected to be easily

achieved at RHIC for collisions where the Au nuclei nearly completely overlap. These

4Bremsstrahlung radiation is the emission of a photon from a particle, mainly an electron
or positron, due to an acceleration that deviates the particle from its straight-line course. The
acceleration can be caused by an attraction to a nucleus as the particle traverses a medium or a
man-made magnetic field in a particle accelerator.
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collisions are estimated to reach an energy density of at least 15 GeV /fm3 [24], which
is significantly higher than the theorized ~1 GeV/fm?® necessary for onset of a QGP
and ~100 times that of cold nuclear matter.

Throughout the process described thus far, the medium is constantly expand-
ing and undergoing binary collisions between the particles. If these particles are
strongly interacting then they may result in a quick thermalization of the system
before it “evaporates”. Using experimental data and hydrodynamic models [26, 27]
it is estimated that the system does achieve a rapid thermalization after ~0.15-0.6
fm/c with a temperature of ~300-600 MeV ~ 3.5-7x10? K®. This corresponds to
an energy density of 2> 9 GeV/fm? [24], well above the estimated QGP phase tran-
sition of ~1 GeV/fm?® and ~170 MeV. As discussed in Sec. 1.3, thermalization can
provide a window for important insights and a better understanding of the medium.

As the system continues to evolve it further expands resulting in a more diffuse
system with a smaller energy density. Eventually the energy density becomes small
enough that there is a phase transition from the QGP to a hadron gas. This process
is called hadronization and is where confinement reasserts its control over the par-
ticles and free (anti)quarks and gluons no longer exist. With continued expansion
of the system, inelastic scattering ceases to occur, resulting in a chemical freeze-out,
where the quark flavors inside the hadrons are frozen and no longer change due to
scattering. The last stage of the collision is called thermal freeze-out and at this
point the hadrons and leptons are so dispersed they no longer interact in any man-

ner, resulting in their properties being fixed unless they undergo a weak decay. From

°For comparison, this is ~2.2-4.4x10° times hotter than the center of the sun [28].
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Figure 1.8: Evolution of a heavy-ion collision from left—right: (1) Lorentz con-
tracted nuclei composed of colorless (white) hadrons move toward one another. For
distinction those hadrons moving in the —z direction are tinted gray. (2) Nuclei
collide, become excited, and particle production begins. (3) After < 0.6 fm/c the
original nuclei are dissociating and a QGP is created from the produced particles.

(4) The medium expands, cools, and after ~6 fm/c, hadrons reform, followed by
chemical and thermal freeze-out and finally detection. Adapted from [29].

here, the particles propagate to detectors that record their angular and momentum
distributions. Fig. 1.8 briefly illustrates and summarizes a few stages of the collision

evolution discussed here.

1.2.2 Event Characterization

Because not every collision is the same, several variables are used to categorize
them. One of these variables is called the impact parameter (b), which is the distance
between the centers of the two colliding nuclei. If a collision, or event as it is also
called, has a large b then the overlap between the colliding nuclei will be small,
resulting in the number of interacting nucleons, called participants, to be small, while

the number of nucleons not interacting, called spectators, will be large. Conversely,
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Impact Parameter

Central Mid-Central ~ Mid-Peripheral Peripheral
Figure 1.9: Types of collision centralities as viewed from the beam perspective.

Notice the changing size of the impact parameter shown in red. The location of
nucleon participants is indicated by the hashed region.

if b is small then there will be a large number of participants and a small number
of spectators.

Unfortunately, b cannot be measured directly. Therefore, the experimentally
determined variable used to describe the nuclear overlap of an event is called cen-
trality, with events generally described as one of four centrality types: central, mid-
central, mid-peripheral, and peripheral, as shown in Fig. 1.9. Centrality is measured
from the number of produced particles in the event, where it is assumed the larger
the number of produced particles, the more collision participants and therefore the
smaller the b. Centrality is simply the percent of collisions having a larger particle
multiplicity than the current collision. For example, if an event had a centrality of
10%, then 10% of events would have a larger multiplicity than the current event
However, because nuclei are not rigid systems with nucleons frozen in exactly the
same place for every nuclei, but rather dynamic bodies constantly undergoing change
based on quantum laws and probabilities, there are fluctuations in the number of
produced particles for events having the same b. This results in an uncertainty for
an event’s overlap determination.

Additionally, it is important to stress that an event with a centrality of 50%
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does not by definition have a b that is twice the size of an event with a centrality
of 25%. This is due to the geometric probability of the collision overlap. Events
with a large b (peripheral) are far more likely to occur than those with a small
b (central). To reiterate, centrality is just the percent of events having a larger
particle multiplicity than the current event, and is not a direct measure of the size
of b. Centrality is further discussed in Sec. 4.2.2.

Besides their overlap, other event properties, such as the angle and momentum
of the produced particles, are essential to understanding the created medium. A first
step in this process is to set up a static Cartesian coordinate system (z,y,z) in the
laboratory frame around the nominal collision point (0,0,0), with one colliding ion
beam arbitrarily designated as moving in the z direction and the opposing beam
moving in the —z direction. This coordinate system is used for describing such things
as the position of detectors and the collision vertex. Polar coordinates are also used,
such as @, which describes the angle of the emitted particle with respect to the beam
axis, and ¢, which is the particle’s angle in the (x,y) plane.

Emitted particles can also be described by their rapidity (y), which is a dimen-
sionless quantity describing the velocity of a particle in the direction of the z-axis
with respect to the nominal collision point. Rapidity is mathematically described
as
1. 14 pBcosf 1. 1+p,

e P A
YoM T “Bcosl 2 1-5.

(1.3)

where = v/c, with v being the velocity of the particle and ¢ the speed of light.

However, to calculate the rapidity of a particle one needs to know its velocity
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Figure 1.10: Diagram relating n to 6. Adapted from [15].

in order to calculate 5. This requires particle identification, which is often not
possible. Therefore, the pseudorapidity (1) of the particle is used instead, which
only requires knowing the 6 angle of the particle. Pseudorapidity is mathematically

described as

1. 14 cosf

=—-—In——— 14
g 2111—00897 (1.4)

and if the emitted particle is traveling at nearly the speed of light, which is assumed
for all particles examined in this analysis, then 7 becomes a nearly indistinguishable
estimate for rapidity, except at # angles near 0° and 180°. Additionally, both ra-
pidity and 7 can have negative values depending on the z direction of the particle.
Figure 1.10 illustrates how the n of a particle relates to its # angle. For an expanded
discussion of rapidity and 7 see Appendix A.

Another important collision parameter is called the reaction plane (RP), which

is a plane defined by b and the beam axis, and whose angle (¥ gp) is determined with
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Figure 1.11: Diagram showing from the beam’s point of view several variables used
to characterize events. See text for a description of the variables. Adapted from [30].

respect to the z-axis. The RP is illustrated in Fig. 1.11 along with a new variable
, which is simply the angular difference between ¢ and Vgp, i.e., p = ¢ — Ugp.
The RP is measured from the azimuthal asymmetry of the produced particle
distribution. However, due mainly to finite particle statistics and detector granu-
larity, it is impossible to know Wgp with absolute certainty, thus its experimental
measurement is referred to as the event plane (EP) angle (Vgp). The particle

anisotropy can be described by the Fourier expansion [31]

R e

where n represents the n*” harmonic of the particle distribution, m is the m* har-
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monic of the RP angle, k is a multiplier such that n = km, N is the number of
particles measured, w are weights, and v,, is the anisotropy parameter representing
the magnitude of the particle asymmetry with respect to WUgp, referred to as the
azimuthal anisotropy or flow for short. Note that any v, can be measured using
any m such that n > m and n is a multiple of m. This means, in principle, the
1% harmonic EP can be used to measure any v,, while the 2" harmonic EP can be
used to measure any even numbered n such as vq, v4, etc. Figure 1.12 illustrates the
274 and 4™ harmonic particle distributions and their corresponding v,, flow signals,
whose origins will be discussed in Sec. 1.3. From this same anisotropy the EP angle

is measured using

Y, = g w; sin(ng;)
1 -
U, = —tan~ ! .

n X, = Zwi cos(ng;) 7

where ¥, is the EP angle from the n*” harmonic particle distribution, i is the 7
particle, and X,, and Y,, are the event flow vectors.

Measuring ¥ gp is important in heavy-ion collisions because it facilitates the
study of how the collective geometry of the participating nucleons affects the anisotropic
flow of the system. Such studies provide a wealth of information about the proper-
ties of the created matter, as will be discussed in Sec. 1.3, and is the topic of this

dissertation.
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Figure 1.12: Diagram showing the shape of the 2"¢ (blue) and 4" (red) harmonic
azimuthal particle distributions with respect to Wgrp. The magnitude of the asym-
metry is indicated by the v, and v4 parameters, respectively.

1.3 Azimuthal Anisotropy

Studies of azimuthal anisotropy, or flow, have resulted in many key insights
into the properties of the QGP. The 2"! harmonic flow signal, vs, often called elliptic
flow, has been by far the most studied and revealing flow signal to date and is the
topic of this dissertation. The origin of this signal comes from the elliptic shape of the
participating nucleons, as shown in gray in Fig. 1.13(a). If the medium is strongly
interacting and thermalizes quickly then a pressure gradient will form, as indicated
by the concentric ellipses. This gradient will be steeper in the direction of the RP
(short axis and indicated by the red arrows), than orthogonal to it (long axis). This
asymmetry results in a momentum anisotropy causing the medium to expand non-
uniformly, as indicated by the size of the arrows, with a greater number of particles
moving in the direction of the RP, thereby causing the particle asymmetry. In

brief, the participant asymmetry or participant eccentricity® (epart), which is greatly

6For more information on eccentricity see Sec. 3.7 of [15]
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Figure 1.13: (@) An illustration of the traditional view of the colliding medium’s
initial geometry, where it has a smooth textured elliptic shape shown in gray. See
text for more details. (b) An emerging view of the initial geometry being a “lumpy”
or “chunky” ellipsoid due to the randomness of the participants spacial position.
Participant and spectator nucleons are represented by the dark and light gray cir-
cles, respectively. The impact parameter is shown by the straight horizontal line
connecting the centers of the two colliding nuclei [15].

affected by the collision’s centrality (see Fig. 1.9), results in a momentum anisotropy
that is detectable through the emitted particle asymmetric distribution, assuming
the onset of thermal equilibrium. Thus, the larger the 4+, the larger the pressure
gradient asymmetry, and the larger the particle distribution asymmetry. However,
if the medium is a weakly interacting plasma, as was expected before RHIC startup,
then the flow signal would be near zero, with little particle asymmetry.

What emerged from RHIC, to the surprise of many in the heavy-ion commu-
nity, was in fact a strong v, with a maximum asymmetry of ~15% when plotted as
a function of transverse momentum (pr), as shown in Fig. 1.14. This indicated that
the medium was not weakly, but rather strongly interacting with rapid thermaliza-
tion. Additionally, the vy of low pr particles, which make up the vast majority of
the emitted particles, was consistent with low viscosity hydrodynamic models. This

was the basis for the declaration that RHIC had created the “perfect liquid” [32].
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Figure 1.14: The wvy(pr) of unidentified charged hadrons from the PHOBOS ex-
periment at RHIC. The measurement uses 0-50% centrality events from 200 GeV
Au+Au collisions measured between 0 < 1 < 1.5. The data is compared to a
hydrodynamic model (solid line), which matches the data well at low py [33].

These discoveries were the first, but certainly not the last, major insights v, has
provided on the properties of the medium.

For instance, the observation that identified particle v, scales with regard to
the number of constituent quarks in the particles (n,), shown in Fig. 1.15, has
provided some of the strongest evidence to date that the created medium interacts
at the partonic level and is in fact a QGP. Insight into how strongly the medium

0’s. This is shown in

interacts has been gained by studying the v, of high pr 7
Fig. 1.16. When pr = 6 GeV/c the 7°’s come almost exclusively from jets and
should therefore be emitted isotropically with a vy consistent with zero. However,
the figure shows that jets do not emerge from the medium isotropically (v, # 0), but
rather depend on the path length they travel through the medium, whether it be

the short axis in the direction of the RP or the long axis orthogonal to it. Here jets

which travel perpendicular to the RP lose significantly more energy before exiting
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Figure 1.15:  Identified particle vy is shown in (a) and (b) as a function of pr
and K Er, respectively. (c) The particle vy divided by its n, plotted as a function
of KEr/n, All data are from 200 GeV Au+Au collisions and collected by the
PHENIX and STAR experiments at RHIC [34].

the medium or become completely absorbed. This effect is called jet quenching and
results in the positive v5. When compared to theoretical models, this measurement
can provide a better understanding of energy loss and how strongly the medium
interacts.

More recently, higher order harmonic measurements, such as vs and v4, have
started revealing insights about the medium’s initial geometry. Traditionally, the
medium has been thought of as having a smooth texture, as shown in Fig. 1.13(a),
in which case the odd harmonics (vq, v, vs...) would cancel out at mid-rapidity
(n = 0) due to symmetry and be consistent with zero. However, recent studies [30]
have shown that this may not be the case and the medium may in fact be “chunky”,
as shown in Fig. 1.13(b), causing fluctuations in the flow signal and resulting in the
odd harmonics persisting. Figure 1.17 shows that indeed the vz signal is signifi-
cantly positive at mid-rapidity with a weak centrality dependence, which are both

consistent with a chunky initial geometry leading to fluctuations.

26



‘[6¢] 10390%0p XINHHJ °Y? Sulsn paInsealll pue SUOISI[[0d Ny +NY A9 (00T
woj st eyep [y ‘suostredurod yjsus] yred 10j mo[e pue Arjouwoas juedmorred oY) X1 0} 1oplo ut [pued ypes Ul UMOYS ST o5URI

Are1yued ogwads y ¢ 103dey)) puR 7'z 090G Ul POSSNOSIP o [[IM SI030930P JH 980U, "d¥ f 9INSLOW 0} SI010910P JUSIOPIP SuIsn

UOUM [RUSIS POINSBOWL oY) JO OIjRl 9y MOUs (2 — b) spoued ofrya ‘(f — ») spued ut umoys st (Id)% (v Id S 91T 0IsLg
(9/n20) “d
9L vl @l oL 8 9 p ¢ 9L vl = 0L "8 o v ¢ 9L vl 2zl 0L 8 o v 'z 0
= T[rrrl T TT L | T LI BN LN LN L LELELEN 7L AL PLEL LN SR BRI UL ~L AL L SR RELELEN BLELELE B T{rTrr[rrr[rrr|[ T[T 90
ml lm ml uo:_n_Eou>\:_zxm>|4| nm:.nEoo>\oms_> —— lm ml A Mm.o -
R R | SRR AR O S S o | NN NN O Y £ e 3 E
E 9 F 94 F = o
E %09-0v iE %01-02 1E o\eom-o q..
P - m..m..._..._...m...m.ﬁ_v.l._N‘.m.... ._..._..._..._..._...m.A_.._v.l.l. 1 I 1 T 1 _wm.vlnvr
e = = | e e e e - - - - - - - - - - - ——] b= = == = = = - - - e - - — - - - -] e = = - e e - e - - - - - - - === — - —10
r %09-0S 1C %0S-01 1€ %0V-0€ 7
C ® 1 1E ]
— H4F 1F —vo
i ¢ il +++ooo 1E? & * 4%, 1
3 ® Oousagee® I f e’ I F s
S A YA NN [ S0 U o = [ S I UL )
L 2 %0e0z  {FL T T T T %ozok  {FET T +-w.f..o.m---ﬂ§ﬂm-lno
o 4 F 4 . -
o +00 dE ffoooo Pk Seo =
: *ce 1t Sogee” I f 10 s
” o{o 1F 1E® o .
o JE B Tzo
o N R L N S s I (e ]

27



T T T e ) T T e ) T T T e ) [T T T ) [T T T
0-10% | 10-20% || 20-30% || 30-40% | 40-50% | 50-60% |

C0'25-Au+Au 6
> N5,,=200GeV o’ o
A I Inl<0.35 |t 1 oo o 1
0.2 ° ° 4
o v, {U,} ot ° d °
[
oaspt oW o e e 1 e
DV4{L|J4} [ ] L4 ° [ ]
[ ]
4 °
0.1+ 4 4
[}
* 4 “} +
0.05} o X ° 4 + i
A
A
A
Omwwwww
0123 0123 0123 0123 0123 012 3
p, [GeVic]

Figure 1.17: PHENIX v, (pr) within || < 0.35 of 200 GeV Au+Au collisions for
different centrality ranges. Here n = m. Statistical and systematic errors are shown
by the bars and bands, respectively [37, 38].

Further insights from higher order harmonics have been extracted from vy/(v;)?
measurements, where both v, measurements use W,. Figure 1.18 (a) and (b) show
the vy and vy, respectively, as a function of Ny, which is the number of partici-
pating nucleons in the collision, while their v4/(v2)? ratio is shown in (c¢). The Ny
values were extracted using a Glauber model calculation, which will be discussed
in Sec. 4.2.2. Comparing the ratio in (¢) to a purely hydrodynamic model (dotted
line) shows a poor agreement, but by adding fluctuations and viscosity to the model
(dash-dot or solid line) a better agreement is achieved.

Additionally, Fig. 1.19 shows that v, measured using ¥, is ~2x larger than
when using W, due to W, originating not only from the same eccentricity and pres-
sure gradients that drive Wy, but also the same fluctuations as v4. This results in a

stronger correlation and larger signal. These fluctuations are thought to originate
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Figure 1.18: (a) vy and (b) vy as a function of N, for different pr ranges, with
both measurements using ¥,. Notice the difference in the magnitude of the y-axis.
(c) The vy/(v9)? ratio of this data compared to an ideal hydrodynamic model (I-
Hd). The best agreement is seen when eccentricity fluctuations (e-F) or Gaussian
fluctuations (GF) and viscosity (n) are included. The data are from 200 GeV Au+Au
collisions using the PHENIX detector [39].
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Figure 1.19: Comparison of similar centrality vy(pr) measurements using different
harmonic EPs. The EP and centrality combinations shown are: ¥, and 20-30%
(circles), ¥y and 20-25% (triangles), and Wy and 25-30% (squares). For clarity only
statistical errors are shown. All data is from 200 GeV Au+Au collisions using the
PHENIX detector [38, 39].

from the same type of initial geometry or eccentricity fluctuations that drive vs.
Figure 1.19 emphasizes that eccentricity fluctuations are an important component
in vy and need to be taken into account. To summarize, these higher order har-
monic flow measurements provide additional insights into the medium and can be
specifically applied to constrain initial geometric fluctuations.

In addition to ongoing top energy collisions, RHIC is also undertaking a staged
multi-year beam energy scan (BES), meaning colliding Au nuclei at energies less than
its top energy of 200 GeV. The BES is valuable for many reasons, including studying
how initial geometry effects change with beam energy, and probing the nuclear phase
diagram in an attempt to find the critical point (see Fig. 1.6). For these and other

important energy scan measurements, flow is an ideal tool for investigation.
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For instance, one might expect that approaching the critical point would result
in the medium behaving differently than when in a QGP phase, such as a change
in flow signal. Furthermore, the medium would stop interacting at the partonic
level, as demonstrated in Fig. 1.15 for 200 GeV data, where the identified particle
vy scaled with respect to n,. Figure 1.20 compares RHIC’s top energy 200 GeV
data to lower beam energies of 62.4 and 39 GeV for flow harmonics with n = 2, 3,
4. Despite a factor as large as ~5 difference in beam energy, the flow signals are
consistent within errors, meaning that within this energy range the hydrodynamic
properties of the medium, as well as initial geometry effects, are similar. Further
evidence of similar behavior is seen in Fig. 1.21, where identified particle vy is shown
for 39 GeV data. In (a), the same mass scaling below pr ~ 1.5 GeV /c and the same
baryon/meson splitting above pr &~ 1.5 GeV/c is seen as at 200 GeV (see Fig 1.15),
along with the same n,, scaling behavior in (b), indicating partonic level interactions.
However, there is a small scaling discrepancy at K Er/n, ~ 0.4 GeV that is not fully
understood.

Conversely, if the v, of 7 GeV data is compared to 200 GeV data a significant
difference is seen, indicating a change in the medium’s properties. This is shown in
Fig. 1.22(a). Displayed another way, Fig. 1.22(b) shows vs(y/syn) at pr = 0.7 and
1.7 GeV/c, where the signal flattens between 39 and 200 GeV, but starts decreasing
somewhere below 39 GeV. Does this indicate the medium is changing from partonic
to hadronic interactions? Can this help reveal the critical point? Investigations are
continuing in this transition region which will help in answering these questions,
including the collection of new data at 19.6 and 27 GeV during the 2011 RHIC data
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Figure 1.20: PHENIX preliminary v, (pr) for 200, 62.4 and 39 GeV beam energies
using a centrality range of 0-20%. Despite the significant differences in beam energies
the flow signals are consistent within the different harmonics, indicating similar
hydrodynamic properties and initial geometry effects. The measurement was done
using a two particle correlation method between central and forward rapidities [40].
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Figure 1.21: (a) PHENIX preliminary 7=, K* and (anti)proton vy(pr) for 20-60%
centrality Au+Au collisions at 39 GeV; (b) v /n,(K Er/n,) for the same identified
particles. Except for a small deviation for (anti)protons at KEp/n, ~ 0.4 GeV,
both (a) and (b) demonstrate similar behavior as 200 GeV collisions (see Fig. 1.15)
indicating similar medium properties at the two energies [40)].
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Figure 1.22:  (a) PHENIX preliminary data for vs(pr) at 7 and 200 GeV. The
difference in vy indicates a change in the medium’s properties. (b) vo(\/Syn) at
specific pr values for various beam energies from PHENIX, STAR, and E895. Here
a flattening of the signal is seen above 39 GeV, indicating similar medium properties,

while a decrease in signal begins in a transition region somewhere below this energy,
indicating a change in the medium’s properties [40, 41].

taking period.

As demonstrated here, flow is a powerful tool that has been used to reveal
many interesting properties of the QGP created in relativistic heavy-ion collisions.
This dissertation builds upon these and other previous discoveries by measuring
flow in the sparsely studied pseudorapidity region between 1.2 < |n| < 2.4. From
this it is hoped that a fuller picture of the created medium’s bulk properties can be

obtained.
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Chapter 2
Experimental Overview

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC) [19], shown in Fig. 2.1, is a particle
accelerator and storage ring located at Brookhaven National Laboratory on Long
Island, New York. One of its main purposes is to facilitate the investigation of
the phase transition, formation, and properties of the QGP through the collision of
heavy-ions at relativistic speeds. As discussed in Sec. 1.2.1, the 200-GeV Au+Au
collisions at RHIC are expected to produce sufficiently high temperatures to produce
a QGP.

RHIC is made of two 3.8 km circumference concentric rings composed of 1740
helium cooled (< 4.6 K) superconducting magnets. Figure 2.2 is a photograph of
the rings in the tunnel. When filled, the rings hold counter-circulating beams of ions
that can be brought into collision at 6 locations called interaction regions (IR). From
its commissioning in 1999 through 2005, the larger PHENIX and STAR and smaller
PHOBOS and BRAHMS experiments [43-46] were each located at one of these
collision points. However, in 2005 PHOBOS concluded its data collection followed
by BRAHMS in 2006, leaving PHENIX and STAR as the remaning detectors in
operation today. The analysis performed in this dissertation used the PHENIX

detector, which will be discussed in Sec. 2.2.
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Figure 2.1: A satellite photograph of RHIC, located at Brookhaven National Lab-
oratory on Long Island, New York. Also shown are RHIC’s supporting accelerators
used to inject lower energy ions into RHIC. PHENIX, the detector used in this anal-
ysis, is located at the “8 o’clock” position of the RHIC ring. The location of the
STAR, PHOBOS, and BRAHMS experiments are also labeled [42].
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Figure 2.2: Photograph inside the RHIC tunnel showing the two concentric rings
of beam tubes [47].

RHIC is a flexible machine that can collide species ranging from p — Au and
even up to uranium with the recently completed EBIS upgrade [48]. Heavy-ions such
as Au can be accelerated up to 100 GeV/u in each ring and as low as 3.85 GeV/u
[41], as was demonstrated in the 2010 RHIC running period, which is referred to
as Run-10'. Protons, on the other hand, have a smaller mass/charge ratio and can
be accelerated up to 250 GeV/u, as was done in Run-9 and 11. RHIC can even
collide asymmetric species such as d4+Au, which was accomplished in Runs-3 and 8
to investigate cold nuclear matter effects. Collisions of Cu+Au are planned for the
current Run-12, but have not yet been done.

A chain of smaller accelerators, shown in Fig. 2.1, is used to “feed” the ions into
RHIC, where they are then accelerated (or decelerated in some circumstances) to

the desired collision energy. For Au this process starts by using a pulsed sputter ion

LA “Run” such as Run-7 should not be confused with nominal one hour data collection “runs”.
For instance, one Run is composed of many runs. This is further discussed in Sec. 4.1.
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source to generate negative ions in a Tandem Van de Graaff, where they are passed
through a stripping foil to achieve a +12 charge and accelerated to 1 MeV /u. Upon
exiting the Tandem, further electron stripping is performed, along with a charge
selection through bending magnets, yielding a +32 charge state in the Au ions.
These ions are then sent to the Booster Synchrotron and accelerated to 95 MeV /u
before exiting and being further stripped of electrons to reach a +77 charge state.
From there the ions enter the Alternating Gradient Synchrotron (AGS) in 24-ion
bunches. They are then debunched and rebunched into 4 bunches before being
accelerated to 10.8 GeV/u. The bunches then exit the AGS one at a time, where
their Au ions are stripped of their 2 remaining electrons, yielding a final charge
state of +79. Finally, the bunches are transfered to their respective buckets in
RHIC. This process is repeated until the desired or maximum number of bunches
(120) is achieved in each ring. However, at least several buckets are kept empty of
ions to allow for background studies and a clean beam dump. In total, it takes <
1 min to fill each ring and ~2 min to accelerate the Au ions to 100 GeV/u using
radio frequency cavities. After the top energy is achieved the bunches are shortened
to ~1 m in length and the two beams synchronized so their respective bunches pass
through the interaction region at the same time, before finally being steered into
collisions.

As time passes during a store?, the luminosity® of the beams decrease due

2A store is when beams are circulating in the storage rings. It starts when the beams are
injected and ends when they are lost or dumped.

3Luminosity is a parameter used to characterize the effectiveness of colliding beams. It is
essentially defined as the ratio of the bunch crossing frequency to the colliding bunch’s transverse
cross section, assuming equivalent transverse profiles and complete overlap. The bunch’s particle
population is also taken into account. For a brief overview of luminosity see Appendix C.

37



mainly to intrabeam scattering from inelastic Coulomb interactions, which causes
emittance blow up along with enlargement of the bunch length beyond the bucket.
Also contributing to the loss in luminosity are such processes as beam-gas collisions
due to an imperfect vacuum, and beam scrapping. Further contributing factors
are electromagnetic interactions from, for instance, bunch crossings, resulting in
scattering or electron capture due to electron-positron pair production. This process
would change the charge on the Au ion resulting in its loss. For these and other
reasons, a store is kept ~4—5 hours before being dumped and a new store injected.

For further details about RHIC see [19, 20, 49].

2.2 PHENIX Detector

The Pioneering High Energy Nuclear Interaction eXperiment (PHENIX) [46]
is a multipurpose particle detector capable of measuring a variety of physics pro-
cesses, but specializes in measuring rare processes, such as J/1, heavy flavor, or
high pr particles. This is done mainly through photons or leptons, but also through
hadrons. During Run-7, when the data for this analysis was collected, the PHENIX
experiment had approximately 500 scientists, engineers, and students participating
from 64 institutions in 14 countries. The detector, shown in its Run-7 configura-
tion in Fig. 2.3, stands ~3 stories tall and is composed of many sub-detectors or
subsystems, which are a part of either the Central Arms, Muon Arms, or global
detectors.

The Central Arms [51-53] are shown in Fig 2.4. They are composed of an
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Figure 2.3:  An illustration of PHENIX’s Run-7 detector configuration [50]. The
top illustration gives the Beam View of the Central Arms, while the bottom gives

the Side View of the Muon Arms. Active detectors are shown in green,

with steel

and magnets shown in gray. Notice in the bottom right of the Side View an insert of

the innermost central region, where the Reaction Plane Detector (RXNP)

(indicated

by the red arrows) is sandwiched between the Hadron Blind Detector (HBD) and
the central magnet nosecone. The RXNP was integral in the success of this analysis

and will be further discussed in Chapter 3.
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East and West spectrometer, each situated perpendicular to the beam pipe at the
nominal collision point (z = 0, y = 0, z = 0) covering an opposite 90° in ¢ and
occupying |n| < 0.35. The Central Arms integrate a plethora of subsystems including
a Drift Chamber, Pad Chamber, Electromagnetic Calorimeter, and Time of Flight
detector, among others. A Central Magnet [54] with a maximum magnetic field
strength of ~1 Tesla (T) is situated between the Central Arms, as shown in the
Beam View of Fig. 2.3, and is used to bend the trajectory of the charged particles
as they pass through the Central Arms in order to determine their momentum. The
Central Magnets are run in either the “+4” or reversed “+-" field configurations.
The former provides the better momentum resolution, while the latter provides an
approximate zero field integral within 50 cm of the beam pipe, as is shown in Fig. 2.5.
In Run-7 the “+-" field was used.

The Muon Arms [55] consist of South and North spectrometers located in the
—z and +z directions from the nominal collision point, respectively. The South
Arm covers —2.2 < n < —1.2, while the North Arm covers 1.2 < n < 2.4, with
both arms having 27 coverage in ¢. Each arm is composed of a Muon Tracker that
sits inside the Muon Magnet [54] and is used for particle tracking and momentum
determination. Located behind the Muon Tracker is the Muon Identifier used for
particle identification.

The global detectors are positioned at various locations in PHENIX and serve
a variety of purposes including acting as event triggers and determining the event’s
centrality and EP angle. For this analysis the global detectors and Muon Arms were

used, described in more detail in Sec. 2.2.1 and 2.2.2, respectively.
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Figure 2.4: (a) A side view and (b) a front view of the East Central Arm. The Drift
Chamber is seen at the face of the arm, while the other subsystems are generally
blocked by shielding and support structures. For a size reference notice the different
levels of scaffolding.

-4.0 2.0 0.0 2.0 4.0 z I(m)
Figure 2.5: The PHENIX magnet system and field lines for the “4-" mode, which

was used in Run-7. In this mode there is an approximate zero field integral within
50 cm of the beam pipe [50].
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Figure 2.6: (a) The components of each BBC element including the quartz
Cherenkov radiator and PMT. (b) Illustration of the position of each element once
assembled. (c¢) A fully assembled arm [56].

2.2.1 Global Detectors

2.2.1.1 Beam Beam Counter

The Beam Beam Counter (BBC) is a multipurpose detector used to determine
the event start time, vertex, centrality, and is also one of several detectors capable
of measuring ¥ gp. The BBC is composed of two mirror image arrays, a South and
a North Arm, that surround the beam pipe 144 cm on opposite sides of the nominal
collision point just behind the Central Magnet, covering 3.0 < |n| < 3.9 and 27 in
¢. Each BBC arm is made of 64 elements each composed of a 3-cm length quartz
Cherenkov radiator connected to a 1-in diameter Hamamatsu R6178 mesh dynode
photomultiplier tube (PMT), as shown in Fig. 2.6. The outer and inner diameters
of the BBC are 30 cm and 10 cm, respectively, allowing for a 1 cm clearance of the
beam pipe.

With a timing resolution of 52+4 ps, the BBC is used to mark the event start

42



time for the entire PHENIX detector by averaging the emitted particles arrival time
at each BBC arm. The timing difference between each arm is used to determine the
collision’s z-vertex or simply vertex or z by

 Ts—Tn

® 2

X c, (2.1)

where T ; are the particle’s arrival times for each arm and c is the speed of light.
In 200-GeV Au+Au collisions the BBC vertex resolution is 0.5 cm and the (z,y)
collision position is always assumed to be (0,0). Determining the z-vertex aids in
particle track reconstruction and in eliminating events that occurred outside the
PHENIX acceptance of —30 cm < z < 30 cm.

The BBC is also used as a Level-1 minimum-bias (min-bias) trigger detector,
which initiates the recording of an event. Here, min-bias refers to applying the
minimum number of requirements to an event before acceptance. For Run-7 the
min-bias requirements were > 1 BBC element firing in each arm, the vertex being
within —30 ecm < z < 30 cm, the event start time being within the narrow time
window of a bunch crossing, and an offline hit requirement in the North and South
Arms of the ZDC—SMD detector (see Sec. 2.2.1.2). Additionally, the BBC was
used to determine the event centrality by summing the charge collection of each
BBC element; it is assumed the larger the charge collection the more central the
event. This will be further discussed in Sec. 4.2.2. Moreover, the BBC can measure

U pp using Eq. 1.6, where ¢; is the ¢ angle of an element and wj its collected charge.

For further BBC details see [57, 58].
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Figure 2.7:  (a) The ZDC location behind the DX magnets in the IR. Notice that
charged particles such as protons are swept away from the ZDC and out of beam
circulation, while the neutrons hit the ZDC. (b) Picture of a ZDC arm in-between
the beam pipes. The gray box between the beam pipes contains the calorimeter

material and the black box on top protects the Cherenkov fibers, which run to the
PMTs placed on top [59, 60].

2.2.1.2  Zero Degree Calorimeter—Shower Maximum Detector

The Zero Degree Calorimeter (ZDC) is a hadronic calorimeter common to all
RHIC experiments. It is designed to provide event characterization by measuring
the energy and arrival time of the spectator neutrons from RHIC’s heavy-ion colli-
sions. The ZDC consists of a South and North Arm, each positioned ~18 m from
the nominal vertex behind the DX magnets and between the counter-circulating
beam pipes, as shown in Fig. 2.7. The DX magnets are used to not only steer the
beams into collision, but also “sweep” away the collision’s remnant charged parti-
cle fragments, such as protons and deuterons. However, neutrons being of neutral
charge, escape this sweep and continue their trajectory to the ZDC.

The ZDC is composed of 3 block modules (one behind the other) of 27 alter-

nating layers of 5-mm Cherenkov fiber for light collection and 5-mm Tungsten (W)
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Figure 2.8: Diagram of the internal components of a ZDC block module as described
in the text [59].

alloy plates for stochastic showering. These components are illustrated in Fig. 2.8.
Together the 3 block modules yield 5.1 hadronic interaction lengths (A;) worth of
material (see Sec. 2.2.2.3 for a definition and discussion of A;). In each module the
fibers are bundled together and read out using a Hamamatsu R329-2 PMT. The
ZDC is also angled 45° with respect to the beam axis in order to maximize light
collection by coinciding with the fibers Cherenkov angle. The ZDC’s height is 13.6
cm, but constrained by the surrounding beam pipes to a 10 cm width, giving it a
pseudorapidity coverage of || > 6.5. In previous Runs the ZDC was used along
with the BBC for centrality determination and min-bias triggering. However, in
Run-7 the ZDC was only used for the offline filtering of min-bias events. For more
information on the ZDC see [59].

A limitation of the ZDC is that it has no transverse segmentation to determine

particle position. To remedy this shortcoming a Shower Maximum Detector (SMD)
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Figure 2.9: (a) Beam view of the vertical (red) and horizontal (blue) SMD slats.
(b) A side view of their position in-between the gray ZDC block modules 1 and 2.

was also installed. The SMD is a scintillator slat hodoscope between the 15 and 274
ZDC modules, as diagramed in Fig. 2.9, which approximately corresponds to the
maximum hadronic shower depth of the ZDC. The SMD has seven 1.5-cm width
vertical and eight 2.0-cm width horizontal slats that are read out by a multichannel
PMT. This provides an active area of 10.5-cm width x 11.3-cm height, with respect
to the beam.

With transverse segmentation, the SMD is able to measure ¥V gp using Eq. 1.6
in a similar, but slightly different manner than the BBC. For the SMD, ¢; is the
distance from the nominal (z,y) beam position to the slat center and w; its collected
charge. However, only the vertical (horizontal) slats are used to determine the X,

(Y,,) flow vector.
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(a) Drawing of a MPC tower: (1) is the APD and preamplifier, (2) the APD holder, and (3) the
scintillating crystal.

(b) Ilustration of the assembled MPC (c) Photograph of the MPC North Arm after installa-
South Arm. tion in the North Muon Arm piston.

Figure 2.10: MPC detector [61].

2.2.1.3 Muon Piston Calorimeter

The Muon Piston Calorimeter (MPC) is an electromagnetic calorimeter whose
main purpose is to measure photons from 7° decays at forward angles. However, this
detector can also be commandeered to measure Wgp, as is the case in this analysis.

The MPC is composed of a South and a North Arm, which are each positioned
in the muon piston holes closely behind the BBC (see Fig. 2.3). Each arm is located

200 cm from the nominal vertex, and like the BBC, covers 27 in ¢. However, unlike
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the BBC, the MPC arms are not symmetric due to differences in the beam pipe width
each arm must clear. Therefore, both MPC arms have an outer diameter of ~45
cm, with an inner diameter of ~16.51 ¢m and ~11.73 cm for the South and North
Arms, respectively, corresponding to a pseudorapidity range of —3.7 < n, < —3.1
and 3.1 <7, <3.9.

The individual cells that make up the MPC are called towers, whose main
components are a 2.2-cm x 2.2-cm width x 18-cm length lead tungstate (PbWO,)
scintillating crystal, which has a radiation length of 0.89 cm, 7.e., the thickness of
material required to reduce the energy of an electron by a factor of e, mainly from
Bremsstrahlung radiation. The crystals are connected to and read out by a Hama-
matsu S8664-55 avalanche photodiode (APD), which is a semiconductor device used
to measure the energy deposited in the crystal. There are 188 and 228 towers in the
South and North Arms, respectively. See Fig.2.10 for a visual reference of the MPC
and its components. To measure Vgp, the MPC uses Eq. 1.6 in a similar manner as
the BBC, where ¢; is the ¢ angle of the tower and w; the measured energy deposited.

For more MPC details see [61].

2.2.2 Muon Arm Detectors

As their name suggests, the Muon Arms are designed to measure muons (1)
by placing thick steel plates throughout the spectrometer arms to absorb hadrons,

while muons, due to their greater penetrating power, more readily pass through
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the steel layers leading to their detection. However, the absorbing material does
not stop all the hadrons, and in fact, from the billions of collisions that PHENIX
records, many millions of hadrons do make it through the steel layers, providing
sufficient statistics to measure hadron v,. The Muon Tracker and Muon Identifier
detectors that make up the Muon Arms, will now be discussed, with much of the

details taken from [55].

2.2.2.1 Muon Tracker

The Muon Tracker (MuTr), shown in Fig. 2.11, is composed of independent
South and North Arm spectrometers, each having three stations of 100 um res-
olution multiplane drift chambers designed to track particles and determine their
momentum. FEach arm sits inside a Muon Magnet that provides a roughly radial
magnetic field (see Fig. 2.5) that bends the moving particles in a spiral shape. Also,
notice in Fig. 2.3 that the two MuTr arms are not symmetric due to the need of
moving the smaller South Arm during maintenance periods. This results in the
South and North Arms covering —2.2 < n < —1.2 and 1.2 < n < 2.4, respectively,
while both cover 27 in ¢.

Each MuTr station is made of layers called gaps, with each gap having two
outer cathode planes of 5-mm wide strips on either side of an inner plane of anode
wires. The anode wires run roughly azimuthally around the beam pipe, while one
layer of cathode strips runs perpendicular to the anode wires (roughly radial to the

beam pipe) with the other slightly offset (< 11.25°) in “stereo”. As illustrated in
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(a) A cutout sketch of the South MuTr showing the 3 stations inside

the Muon Magnet. (b) A picture of the station 1 quadrants during assembly [55].
(¢) The South MuTr in the IR during maintenance. For size comparison notice the
people in the picture.
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Anode wire

Cathode Strips
Figure 2.12: Example of the different orientations the cathode strips can have in
the MuTr gaps. The strips perpendicular to the anode wire are represented by the

dashed lines, while those in stereo are represented by the solid lines. In each gap
the anode plane is in-between the two cathode planes [62].

Fig. 2.12, the cathode’s exact orientation varies from gap to gap to take advantage of
the spiraling particles. There are three gaps in stations 1 and 2 and two in station 3.
Only the “hits” from the gap’s cathode layers are read out, resulting in a maximum
of 16 track hits, as diagramed in Fig. 2.13.

Stations 2 and 3 were constructed in octant pieces, while station 1, due to its
smaller size, was constructed in quadrants, each containing two octants. A picture
of station 1 is shown in Fig. 2.11(b). At all stations each octant is further divided
into half octants by a 3.175-mm gap at its center ¢ angle. The gas mixture that runs
through each gap is 50% argon (Ar) 4+ 30% carbon dioxide (CO2) + 20% carbon
tetrafluoride (CFy4). The inner to outer radius of station 1 is 1.25 m, while station 3
extends out to ~2.4 m. The distance from the nominal vertex to the South (North)

1, 2 and 3 stations are 180 cm (180 cm), 300 cm (347 cm) and 460 cm (613 cm),
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Figure 2.13: Schematic diagram of a track passing through the MuTr and recording
12 of a possible 16 hits in the cathode strip planes.

respectively.

2.2.2.2 Muon Identifier

The Muon Identifier (MulD) is displayed in Fig. 2.14. It is composed of two
identical South and North Arms located downstream from the MuTr, covering the
same 7. The MulD consists of alternating layers of low-carbon steel and low reso-
lution tracking tubes, whose purpose is to identify muon candidates while filtering
out hadrons. The details of this process are discussed in Sec. 2.2.2.3. About 40 cm
from the nominal collision point the absorber material begins with a 20-cm copper
(Cu) nosecone attached to the pole tips of the Central Magnet, which itself is a
60-cm steel absorber. Continuing away from the nominal vertex and past the Mu'Tr

is a 20-cm (30-cm) steel backplate at the back of the South (North) Muon Magnet,
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Figure 2.14: In (a) the MulD South Arm can be seen on the left, the West Central
Arm in the middle, and the North Muon Magnet on the right [55]. (b) The MulD
six panel layout common to all gaps. Counting from 0 — 5, the even panels are
shown in blue and odd panels in red. Notice the spacial overlap in the panels to
eliminate dead regions [63].

followed by the 4 steel absorbing layers of the MulD: 10 ¢cm, 10 cm, 20 cm, and 20
cm, respectively. In total a particle must pass through 20 cm of Cu and 140-150 cm
of steel to reach the last active layer of the MulD.

The tracking material in the MuID Arms is larocci tubes [64], seen in Fig. 2.15,
which are 9 mm x 9 mm width drift tubes or cells. Each cell contains a 100-um Au
coated Cu-beryllium anode wire at its center that is supported by a plastic spacer
every 50 cm. The walls of the cell are covered by a graphite coated plastic cathode.
Eight cells are ganged together forming a tube 8.4 cm wide, which is paired with
another tube staggered by half a cell in order to cover each others dead regions.
Together they form a “two-pack” and have their signals OR’ed.

The two-packs are contained in aluminum (Al) casings called MulD panels,
with each containing a set of vertical and horizontal two-packs running their entire

height and width, respectively. This essentially yields 8.4-cm? pads that provide
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Figure 2.15: Schematic diagram of a MulD two-pack made of two staggered sets
of eight larocci tubes [65].

enough granularity to match the MulD “roads” with the MuTr tracks. In each gap
between the steel absorbers, numbered 0 — 4, there are four large and two small
panels numbered 0 — 5, as illustrated in Fig. 2.14(b). In the large panels there are
118 520-cm length horizontal tubes (59 two-packs) and 128 501-cm length vertical
tubes (64 two-packs). In the small panels there are 90 250-cm length horizontal tubes
(45 two-packs) and 52 382-cm length vertical tubes (26 two-packs). To eliminate
dead space, panels overlap at their edges, leaving panels 0, 2, and 4 ten cm closer
to the nominal vertex than panels 1, 3, and 5. In total, the panels contain 1268
tubes per gap, 6340 per arm and cover a 13.7-m width and 10.7-m height. The gas
running through the tubes is COy with up to 25% isobutane (i-C4H;0), while the Al

panels use nitrogen gas (N3) to keep the tubes clean and dry.

2.2.2.3 Muon Arm Absorber

The purpose of the Muon Arms is of course to measure muons and in par-
ticular dimuons from J/¢ (c¢ — ptp~). However, in heavy-ion collisions muons
are significantly outnumbered by the more abundant hadrons and in particular pi-
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ons, which constitute ~80% of the emitted particles [66]. The remaining ~20% is
mostly kaons and (anti)protons, with prompt? muons and other rare particles a still
smaller percentage. In order to increase the percentage of muons in a measured
sample, thereby decreasing the background from the more abundant hadrons, low-
carbon steel absorber plates are placed throughout the Muon Arms, as described
in Sec. 2.2.2.2. These plates absorb hadrons, while muons, having a much greater
penetrating power, pass through the steel to the last layer of the MulD and beyond.

This does not mean muons do not interact with the steel. In fact, in the range
of 0.1 < B~ < 1000, which is applicable to RHIC, a particle’s mean rate of energy
loss® through an intermediate Z material (such as iron (Fe) or Cu) is described to

within a few % accuracy by the Bethe-Bloch formula [4]

where
202,72
Tnae = 777 272361\04izm6/M)2’ (2:3)
and
§(87) = 2(In10)X + C + a(X; — X)*. (2.4)

See Table 2.1 for a description of the symbols. In this Bethe-Bloch region, the energy
loss is largely through inelastic scattering with atomic electrons, termed zonization.

Figure 2.16(a) shows the mean energy loss rate as a function of particle momentum

4A prompt particle is one that originates from the collision vertex.
5A particle’s mean rate of energy loss through a material is known as its stopping power.
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for muons, pions, and protons in Fe and other materials. Notice in the figure muons
and pions have a similar energy loss rate, which is fortunate for this analysis since
pions are the most abundantly produced hadrons in heavy-ion collisions and the
Muon Arm track reconstruction software uses the muon’s energy loss rate to calcu-
late each particle’s total energy loss through the initial absorber. This is done to
determine a particle’s original momentum at the vertex. Figure. 2.16(b) shows the
average muon energy loss as a function of muon energy in Fe and other materials.
In Fe, ionization is shown to dominate energy loss up to ~200 GeV, where radia-
tion processes then begin to dominate. These radiation processes include ete™ pair
production, Bremsstrahlung radiation, and photonuclear interactions, i.e., lepton-
nuclear inelastic scattering. However, for this analysis the momentum (p) range of
interest is generally 2 GeV/c < p < 20 GeV /¢, allowing radiation loss to be largely
ignored.

Examining Fig. 2.16 reveals that the energy loss rate for pions and muons
within 2 GeV/c < p < 20 GeV/c only varies by ~20%. For instance, in Fig. 2.16(a)
a rapid increase in mean energy loss rate is seen for muons and pions below p ~
0.1 GeV/c. Similarly in Fig. 2.16(b) a rapid increase in average energy loss is seen
for muons having an energy 2 200 GeV. The momentum range of this analysis
lies in-between these two extremes in a relatively consistent energy loss region. This
stability helps to minimize errors in momentum reconstruction by avoiding situations
where a small inaccuracy in the momentum determination from the MuTr would
result in a large change in the energy loss rate through the initial absorber.

If enough ionization energy loss is experienced while traversing the Muon Arm
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Table 2.1:  Bethe-Bloch Formula Symbol Definitions [4, 67]

Symbol

Definition

Value or Units

Kb??r@ﬁQkiNQ @ N Nmmsmﬂgtq
8

<
~~
)
~—

incident particle energy
Avogadro’s number
electron radius
electron mass
speed of light
4 N gr?m..c?
incident particle charge
absorber atomic number
absorber atomic mass
incident particle velocity divided by ¢
Lorentz factor (1/4/1 — %)
absorber mean excitation energy
incident particle mass
dependent upon incident particle
physical property of absorber
empirical fit to data
empirical fit to data
empirical fit to data

maximum energy transfer in a single collision

density effect correction

MeV
6.022 x 10?3 mol~!
2.818 fm
0.511 MeV
2.998 x 10® m/s
0.3071 MeV g~! cm?
+1
26 (Fe)
55.85 g/mol (Fe)
unitless

unitless
286 ¢V (Fe)

MeV/c?

log(57)
-4.2911 (Fe)
3.1531 (Fe)
0.1468 (Fe)
2.9632 (Fe)
see Eq. 2.3
see Eq. 2.4
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Figure 2.16: (a) The mean energy loss rate in Fe and other materials from ion-
ization as a function of particle momentum for muons, pions, and protons. (b) The
average muon energy loss in Fe and other materials as a function of muon energy.
For Fe the individual contributions to the total energy loss from the different pro-
cesses are shown, these processes being ionization and the radiation processes of
pair production, Bremsstrahlung radiation, and photonuclear interactions [4].
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steel layers, both hadrons and muons can “range out” and become absorbed. How-
ever, they can, on average, penetrate to the last MulD gap if they have sufficient
initial energy, as according to Eq. 2.2. Although this energy loss description works
well for muons, it does not describe the whole picture for hadrons. That is because,
unlike muons, hadrons can interact via the strong nuclear force and undergo strong
mteractions.

Unlike ionization, where a particle experiences a small energy loss for each of
its many interactions, a hadron undergoing a strong interaction can experience a
large energy loss from a single interaction, causing a “showering” of lower energy
secondary particles, which can be readily absorbed. This susceptibility to large en-
ergy loss reveals the significant penetrating power advantage of muons over hadrons,
since muons cannot undergo a strong interaction. Therefore, the many layers of steel
absorber in the Muon Arms are there to induce hadrons into a strong interaction so
they can be absorbed.

A measure of the distance a hadron can travel through a given material before
a strong interaction occurs is called the hadronic interaction length (A\;). The proba-
bility of a strong interaction occurring is well described by 1 —e~%/*1 where L is the
integrated depth of absorber material. The A; varies with hadron type, hadron mo-
mentum, and absorber material, but can roughly be described as 16.77 cm for steel
and 15.32 cm for Cu [4]. Thus the South (North) Muon Arm and its 140 (150) cm of
steel and 20 (20) cm of Cu has L/A; ~ 9.65 (10.25), as displayed in Fig. 2.17. This
results in a non-interaction probability of e72% (e710%5) &~ 6.42 x 1075 (3.54 x 1079).

This demonstrates the high probability of a hadron interacting with the absorber in
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Figure 2.17: Integrated hadronic interaction length of the South Muon Arm. The
thickness of the Cu and steel absorbers are represented by the blue bands [62].

the Muon Arms.

However, the probability of an interaction is not the same as the probabil-
ity of complete absorption. In some of the strong interaction particle showers a
secondary particle can emerge that carries much of the momentum of the original
hadron. These secondary “knock-on” particles can continue penetrating through
the Muon Arms with no way of distinguishing them from the original hadron. This
results in the possibility that the hits from the primary and knock-on particles will
be reconstructed as one primary particle or, if the showering occurs in the initial
absorber, the hits from just the secondary will be reconstructed as the primary. This
mechanism results in a lower hadron rejection factor than the simple exponential
model suggests. As will be discussed in Sec. 5.4, variable cuts are applied to the

reconstructed tracks to reduce the number of knock-on particles in this analysis.
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Chapter 3

Reaction Plane Detector Upgrade.

The author of this dissertation significantly participated in the assembly, in-
stallation, commissioning, operation, and maintenance of the Reaction Plane Detec-
tor (RXNP) that was installed in the PHENIX experiment prior to Run-7. Reviewed
here is the RXNP’s final detector geometry, and the simulations and experimental
tests done to optimize its design and material compositions. Also covered is the
RXNP’s online performance during Run-7 when Au nuclei were collided at 200 GeV.
Finally, a discussion of the detector’s calibrations and performance is included. Most
of the information reported here is taken from [68], whose lead author is also the

author of this dissertation.

3.1 Overview

The RXNP is a scintillator paddle detector embedded with optical fiber light
guides connected to PMTs, with the design purpose of accurately measuring Ugp in
heavy-ion collisions. To increase the accuracy of this measurement a 2-cm lead (Pb)
converter is located directly in front of the scintillators with respect to the nominal
collision region, thereby allowing neutral particles to contribute to the signal through
conversion electrons. The converter also increases the overall particle flux through

the scintillators, thus acting as a signal amplifier by increasing energy deposition.
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However, as mentioned in Sec. 1.2.2, due mainly to finite particle statistics and
detector granularity, it is impossible to know Vip with absolute certainty, thus its
experimental measurement is Wgp. Therefore, the measured v,, using ¥ gp is smaller
than if measured using the unmeasurable Vgp, as is demonstrated in Fig 3.1. In
the figure, Wrp for several fictional events is compared to the red colored m = 2
particle distribution that passes through an imagined detector used to measure ¥ gp.
The left and right horizontal arrows for each event indicate the angular difference
between Wgip and where Wgp is measured by the detector. When summed over
many events, this angular difference causes a flattening in the asymmetry of the
measured particle distribution in the separate 1 region where another detector is
used to measure @, resulting in a loss in anisotropy and a reduced v,, or vy in this
instance, where k is a multiplier such that n = km (see Eq. 1.5 for a review of
k). Consequently, a dispersion correction must be applied to the flow measurement,

or colloquially the EP resolution, principally

called the EP correction factor (o)

defined as

0.p = (coslkm(V,, — Vgp)]), (3.1)

which is used to correct a measured v,, by

wor=In (3.2)

meas since o, is always < 1. Greater

3 3 3 corr
This correction always results in v, > v;, P

detail of the EP resolution calculation will be discussed in Sec. 3.6.
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Figure 3.1: Ilustration demonstrating particle dispersion with respect to Wzp in
heavy-ion collisions [69]. See text for an explanation.
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Before the installation of the RXNP, PHENIX measured ¥, using its BBC
detectors [57, 58], which had a 2" harmonic EP resolution for mid-central 200 GeV
Au+Au collisions of ~0.4, where 1.0 would denote a perfect resolution. This reso-
lution proved sufficient for studying abundant low py particles, but was insufficient
for making new discoveries with photons and rarer probes, such as J/1 and high pr

particles. A better EP resolution was required to increase the physics capabilities

of these data sets. The RXNP was designed and built to fulfill this need.

3.2 Design and Geometry

The RXNP is composed of two sets of 24 scintillators, a North (N) and a South
(S), located +39 c¢m from the nominal vertex position with the South Arm being
located in the negative direction. The scintillators are arranged perpendicular to
and surround a 10-cm diameter beam pipe in 2 concentric rings (inner, outer), with
each ring having 27 coverage and 12 equally sized segments in ¢. All scintillators are
trapezoidal in shape, 2-cm thick, made of EJ-200 material from Eljent Technology
(equivalent to BC408), and individually wrapped with an inner layer of aluminized
mylar sheeting for light reflection and an outer layer of black plastic for light tight-
ness. A schematic diagram showing the arrangement of the scintillators and their
sizes is shown in Fig. 3.2. The edges of the inner ring are positioned at radial dis-
tances of 5 and 18 c¢cm from the ion beam covering 1.5 < |n| < 2.8. Uninterrupted
coverage continues outward with the outer ring to 33 cm or |n| = 1.0. The length

of the inner and outer edges of the inner scintillators are 2 and 9 cm, respectively.
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Figure 3.2: Schematic diagram illustrating the arrangement of the inner (red) and
outer (blue) scintillator rings. The distance from the nominal beam position to the
scintillator edge is shown by the green arrows. All lengths are given in cm’s.

The length of the outer edge of the outer scintillators is 17 cm.

Each 24 scintillator set is housed in 4 identical Al structures each consisting
of a tray covering 90° in ¢ and a support arm extending radially ~80 cm. As shown
in Fig. 3.3(a), each tray contains three compartments for an inner and outer scintil-
lator with each scintillator having wavelength shifting fiber light guides embedded
into its surface every 0.5 cm and running its entire length. To allow the inner scin-
tillator’s fibers to run radially out the back of the tray in tandem with the outer
scintillator’s fibers, an offset between the two is created by placing a 2-mm plastic
spacer underneath the inner scintillator, as diagramed in Fig. 3.3(b). On top of
the scintillators sits another 2-mm spacer for protection, followed by a 2-cm thick
converter composed of 98% Pb doped with 2% antimony to increase hardness.

As the fibers exit each scintillator they are individually sheathed in black
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Figure 3.3: (a) A top view of an assembled tray with a cutout of the Pb converter (3)
showing the inner (1) and outer (2) scintillators underneath in their compartments
with their optical fibers (5) emerging to their rear. (4) identifies the Al tray. (b) A
side view of an assembled tray with the Pb converter above the scintillators. Notice
the plastic spacer directly underneath the inner scintillator, offsetting it from the
outer scintillator, allowing its fiber light guides to exit the tray.
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plastic tubing for light tightness, bundled together inside flexible plastic tubing for
stability, and protected by an Al cover. They then run the length of the support
arm fastened by plastic ties and protected by two more Al covers. At the end of the
arm each scintilltor’s fibers are unsheathed from their individual tubing, yet still
encased in the larger flexible tubing, bundled together into a plastic end cap and
attached to a “cookie” covering the face of a PMT. Here the cookie guides the light
from the fibers into the PMT using a 45° reflective surface to bend the light a total
of 90°. Along with black tape, a custom built Delrin cap is used to fasten the cookie
onto the PMT and make the connection light tight. Each PMT is then fastened to
the end of the arm and positioned parallel to the beam pipe, giving each quadrant
a length of ~124 cm.

Hamamatsu R5543 3-inch fine mesh PMTs are used to measure the signal. Al-
though not the same type of PMT used in the original magnetic field tests discussed
in Sec. 3.3, these PMTs are also designed to operate in a high magnetic field with
similar behavior expected. Moreover, these PMTs did undergo their own magnetic
field testing as mentioned in Sec. 3.4. Once assembled each quadrant was fastened
to the Central Magnet’s nosecone, giving the tray portion of the assembly a total
thickness of ~5 cm. A photograph of the RXNP’s North Arm after installation is

shown in Fig. 3.4.
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Figure 3.4: Photograph of the RXNP’s North Arm installed on the Central Mag-
net’s copper nosecone prior to the installation of the HBD.
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3.3 Simulations and Testing

The RXNP was designed to optimize the resolution of the 2°¢ harmonic EP
measurement, while not interfering with the location and particle acceptance of
existing PHENIX subsystems. One contributing factor that strongly influences the
EP resolution is the particle multiplicity that is incident on the detector, where a
large multiplicity is desirable. This can be maximized by designing the RXNP to
include a large 1 coverage, while placing it close to the nominal vertex position.
Within the PHENIX experiment, shown in Fig. 2.3, this region is largely occupied
by existing subsystems, magnets and support structures. After considering the space
available for a new detector, it was decided that the RXNP would be composed of
two mirror image halves of radiating paddles located approximately £40 c¢cm from
the nominal vertex position and attached to the face of the Central Magnet’s copper
nosecones.

This location provided several design challenges including: (1) there being
only 7 cm of available space between each nosecone and the soon to be installed
Hadron Blind Detector (HBD) [70], and (2) the detector had to be able to operate
effectively in the high magnetic field environment of PHENIX’s central region, where
the field strength can be as high as ~1 T. In order to satisfy these requirements
and answer many outstanding design questions, including material composition,
converter effectiveness, and signal readout, extensive studies were performed.

Some of these issues were addressed in GEANT3 [71] based simulations using

realistic 200 GeV Au+Au collision vy and multiplicity distributions in 7, py, and ¢.
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The RXNP was modeled as two scintillating disks surrounding the beam pipe and
evenly divided into 8 segments in ¢, while located at either +34 or £39 cm from
the nominal vertex. The 7 coverage for these simulations varied, but was always
between 0.8 < |n| < 2.8. Placed immediately in front of the scintillators was a
similarly shaped metal converter whose purpose was to increase the EP resolution
through conversion electrons.

The effectiveness of the converter in accomplishing this is seen in Fig. 3.5,

274 harmonic EP resolution vs. centrality. Here an average of 16%

which shows
increase in the resolution is seen when all the charged particles of a collision are
used to measure the EP, compared to using only primary charged particles. A major
reason for this improvement is displayed in Fig. 3.6, where the primary, secondary
and background particle distributions are shown with respect to Yrp. With no
converter (a) a strong flow signal from primary particles is seen, but this is diluted
by the secondary particles showing a nearly flat distribution. However, if a 0.5-
cm brass converter is added, as in (b), the secondary particles not only increase in
number due to the production of conversion electrons, as demonstrated by a similar
simulation in Table 3.1, but they also carry a strong flow signal themselves that
originates from the distribution of the parent particles, thereby reinforcing the flow
signal from the primary particles. The addition of a converter was also shown to
reduce the low energy background.

224 harmonic

Increasing converter thickness was also shown to increase the
EP resolution, as presented in Table 3.2, while increasing scintillator thickness was

shown to give a better correlation between the number of particle hits and energy
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Figure 3.5: RXNP 2" harmonic EP resolution (Eq. 3.1) vs. centrality using a
GEANTS3 based simulation. Open circles pertain to only primary charged particle
hits and closed circles are for all charged particle hits. Here the effectiveness of
the converter is demonstrated by the secondary charged particles increasing the
detector’s resolution compared to using only primary charged particles. Also notice
the resolution varies as a function of centrality, where it is at a maximum between
20-30%. This is caused by a combination of changing event multiplicity and v,
signal.

Table 3.1: Charged Particles Per RXNP Segment Using Different Thickness Brass
Converters

Converter Thickness Primary Secondary Total

No Converter 151 78 229
1.5 cm 132 340 472
4 cm 103 723 826
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Figure 3.6:  Particle distribution with respect to Wgp for primary (top, black),
secondary (middle, red) and background (bottom, blue) particles without (a) and
with (b) a converter. Without the converter the secondary particles have a nearly
flat distribution, but with a 0.5 cm brass converter the secondary particles exhibit a
strong flow signal (strong anisotropy), thereby reinforcing the flow signal from the
primary particles.

deposition, as depicted in Fig. 3.7. To optimize the converter and scintillator thick-
ness within the constraints of the limited space available between the nosecone and
HBD, it was decided to restrict the thickness of the converter and scintillator to 2
cm each. Therefore, 2-cm thick brass, Pb, and W converters were simulated with
a 2-cm thick scintillator to compare energy deposition. The results are shown in
Fig. 3.8. Using the same thickness scintillator and converters, the 2°¢ harmonic EP
resolution for mid-central collisions was also simulated and found to be 0.70, 0.74
and 0.76 for brass, Pb, and W, respectively. For both energy deposition and EP
resolution, W performed best, but only marginally so compared to Pb, which is
significantly less expensive. Therefore, Pb was chosen as the converter material.
The optimum radiator ¢ segmentation for the 2"¢ harmonic EP resolution was

also studied. Figure 3.9 shows that the resolution improves only marginally above 8
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Table 3.2: RXNP 27 Harmonic EP Resolution for Mid-central Events Using Dif-
ferent Thickness Converters and a 2-cm Thick Scintillator

Converter Thickness (cm) 0.0 1.0 2.0 4.0 8.0

Brass 0.53 0.65 0.71 0.76 0.80

Ph 053 0.73 0.75 0.75 0.68
— BOOFTTTTTTTTTTTTTTTTITTTTTTR 500
S r ] S [
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Figure 3.7: Number of particle hits per scintillator segment vs. energy loss. The
scintillator thickness is 0.5 cm and 2.0 ¢cm for (a) and (b), respectively. The dotted
contour lines (black) use no converter, while the solid lines (red) use a 2.0-cm brass
converter. Notice the energy loss in (b) is divided by 4. Both with and without the
converter, the correlation is better with the thicker scintillator.
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Figure 3.8: Particle hits per scintillator segment vs. energy loss using 2.0-cm
brass (dotted, black), Pb (solid, red), and W (dashed, blue) converters. Tungsten
provides the best hit to energy loss correlation, but only marginally so over Pb,
which is significantly less expensive. In all cases a 2-cm scintillator was used.

segments; however, to protect against failing segments it was decided to partition the
detector into 12 paddles in ¢. The RXNP was further divided into two radial sections
covering 1.0 < |n| < 1.5 (outer ring) and 1.5 < |n| < 2.8 (inner ring) as a result of a
series of simulations incorporating the PHENIX Central Arm spectrometers (|| <
0.35) that showed a centrality and n dependent fake vy signal from jets when using
the EP of the RXNP. These studies showed an increasing non-flow bias the closer in
proximity the RXNP’s n coverage is to the Central Arms and the more peripheral
the event, as demonstrated in Fig. 3.10. This bias can result from back-to-back
di-jet correlations, as well as correlated particle production from the near-side jet
cone, which can have a size of 0.7 units in 7. Therefore, to minimize the impact
of this bias on a wide range of physics analyses, the RXNP was divided into two n

sections resulting in the inner ring section experiencing only a minimal bias effect.
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Figure 3.9: Dependence of the 2°¢ harmonic EP resolution of mid-central collisions
on the azimuthal segmentation of the RXNP’s scintillators. The closed circles use
only the number of primary charged particles in each segment as the weight, with
each particle having a weight of 1. The resolution for the open circles is similarly
calculated, but uses all charged particles (primary, secondary and background). The
square, triangle, diamond, and cross data points all calculate the resolution using the
energy deposition into the scintillators from charged particles as the weighting factor,

while at the same time having 0, 1, 2 or 3 dead scintillator segments, respectively.
In all cases a 2-cm scintillator and 2-cm brass converter were used.

This added flexibility was proven effective in [35], where only the inner ring was
used in measuring the vy of high pr 7’s, and in [39], which used both 71 sections
in examining the 7 dependence of non-flow effects, such as jets or fluctuations in
participant geometry.

Avalanche photodiodes (APDs) and PMTs were considered for signal readout.
APDs have several advantages over PMTs, including being unaffected by magnetic
fields, significantly cheaper, and allowing for a simpler design by jettisoning the
need for light guides. However, after performing calculations and bench tests, it

was confirmed that the signal to noise ratio from APDs was insufficient for this
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Figure 3.10: Fake vy signal from jets with respect to centrality in the PHENIX
Central Arm spectrometers (|n| < 0.35) when using the EP calculated from the full

RXNP and requiring each event’s leading hadron to have a pr > 6 GeV/c. 1 o
statistical error bars are shown.

application; therefore, it was decided to pursue a PMT design.

To confirm that PMTs could function well in PHENIX’s strong magnetic field
and to investigate an optimal radial position and angular orientation with respect
to the field lines, a series of magnetic field tests were performed. One of these tests
involved constructing and positioning a test stand in PHENIX’s central region that
simultaneously held two sets of four PMTs, separated by 120°, at radial positions
where their gains were predetermined to be best: 80, 90, 110, and 130 cm. Hama-
matsu R5924 fine mesh PMTs were used, which are specifically designed to operate
in a high magnetic field environment. Using an LED pulser, each tube’s gain was
recorded at zero and full field for PHENIX’s “++" and “+—" field configurations.
In addition, because the region in which the RXNP was to be installed is near the
magnetic field return, the field lines exhibit non-uniform behavior that is not well-

known. Moreover, with PMT performance in a magnetic field known to be sensitive
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Table 3.3: Fraction of PMT Gain Observed at Full Field Compared to Zero Field

Distance (cm) “447 30° “+—"30° “++4” Parallel “+—" Parallel

30 0.61 0.00 0.76 0.56
90 0.39 0.33 0.78 0.23
110 0.50 0.32 0.96 0.54
130 0.44 0.35 0.85 0.66

to the alignment of the tube with respect to the field lines, two configurations were
tested for each field setting: PMTs aligned parallel and at 30° to the beam pipe.
The results of this test are given in Table 3.3, where the numbers are averaged from
the two PMTs located at each distance. Based largely on these results and the
fact that the magnetic field would be in the “4—" configuration for Run-7, it was
decided the PMTs would be placed parallel to the beam pipe at a radial distance of
130 cm. Here, they would experience a magnetic field strength of ~0.66 T (~0.61
T) for the “+—" (“++7) field configurations.

With much of the design solidified, the remaining element to be determined
was the radiator and light guide configuration. This was resolved through beam
tests performed at KEK-PS in Japan using a momentum selected charged particle
beam. The purpose of these tests were to examine different radiator (scintillator
vs. Cherenkov) and light guide (solid vs. embedded fiber) combinations. These
tests showed that, although the solid light guide resulted in more light collection,
it also had a signal size that was dependent on the incident particle’s position in
the radiator, as seen before in [72], which would likely worsen the EP resolution.
This effect was significantly less pronounced using the embedded fibers, which when

combined with their reasonable light collection and flexibility in positioning and
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grouping PMTs, led to their selection. The Cherenkov radiator was eliminated
because it yielded too small a signal when used with embedded fibers, while the
scintillator signal was reasonable. Thus scintillator radiators with embedded fiber

light guides were chosen for the RXNP.

3.4 Online Performance

Prior to final assembly and installation, each PMT was tested for noise, signal
linearity, and signal strength in and outside a magnetic field. After installation one
PMT in the South Arm became disabled prior to the start of Run-7, decreasing
the detector acceptance to ~98% of design, which remained throughout the Run.
Figure 3.11 shows a typical ADC spectrum from a RXNP PMT during Run-7 min-
bias data taking. At the high end of the distribution several hundred charged
particles, including conversion electrons, are measured in the scintillator segment.
The dynamic range of the ADC is 12 bits or 4096 quantized units, of which ~2000
are typically used.

The gain of the tubes was monitored throughout Run-7 and was found to
decrease over time with no pattern seen regarding scintillator location. Figure 3.12
shows the relative gains of six representative PMT's starting at the beginning of Run-
7 and continuing until its end. During Run-8 and 9 similar voltages were used while
colliding species of p+p and d+Au at the same energy, along with p+p at 500 GeV.
The p+p data showed no signal degradation, while for d+Au some degradation was

observed in both RXNP arms, although not as severe as with Au+Au. For Run-10,
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Figure 3.11: Typical raw ADC spectrum of a RXNP PMT during Run-7 min-bias
data taking. The distribution results fr